The plasmonic absorption/amplification spectrum of terahertz radiation in a doublelayer graphene nanoribbon array is theoretically studied. It is shown that this graphene structure exhibits strong plasmon response and giant amplification in a broad terahertzfrequency range.
Introduction
Graphene exhibits strong plasmonic response at terahertz (THz) frequencies due to both high density and small "relativistic" effective mass of the charge carriers [1, 2] . Stimulated emission of nearinfrared and THz photons from population inverted graphene was recently observed [3] . As compared with the stimulated emission of the electromagnetic modes (photons), the stimulated emission of plasmons by the interband transitions in the population inverted graphene exhibits a much higher gain due to a small group velocity of the plasmons in graphene and strong confinement of the plasmon field in the vicinity the graphene layer [4] .
Theoretical model
In this paper, we consider the amplification of a THz wave by the stimulated generation of resonant plasmons in a patterned population inverted graphene structure. The response of graphene is described by the complex-valued dynamic conductivity in the local approximation [4] , The conductivity term intra ()  in equation (1) describes a Drude-like response involving the intraband processes with the phenomenological electron and hole scattering time τ. The conductivity term inter ()  describes the interband transitions. The real part of the graphene conductivity (1) is responsible for the absorption/amplification regimes depending on its sign (see figure 1.) Consider two graphene nanoribbon arrays separated by a thin dielectric barrier slab (see inset on figure 2(a)). External THz wave is incident normally to the plane of the structure along y-direction with the polarization of the electric field (0)
x E across the graphene strips. The optical problem of interaction between THz wave and the double-layer graphene structure has been solved by using a self-consistent electromagnetic approach and integral equations method. The system of two coupled integral equations for the surface current density () ( , ) w x j x y in the graphene nanoribbon at y=d and y=0 planes are in y=d and y=0 planes) in terms of the Legendre orthogonal polynomials. In the results, the induced electric and magnetic fields at the any point of the structure can be found.
The wavelength of the resonance plasmon mode excited in graphene by the incident THz wave is determined by the period L in the graphene nanoribbon array. Since the plasmon wavelength in graphene is much (by two-three orders of magnitude) shorter than the length of the electromagnetic wave at the same frequency [1, 2] , it is necessary to fulfill the condition
for excitation of the plasmon resonances in the structure. In this case, only the zero-order Fourier harmonics 0 x E correspond to the traveling waves emitted into the ambient medium and the substrate, while all higherorder Fourier harmonics describe evanescent fields decreasing at . y   Hence, the reflectance R and transmittance T of the structure under investigation in the far-field region can be calculated as Re
is the THz power absorbed at the structure period (per unit of the structure width). The law of energy conservation R + T + A = 1 is fulfilled both in the absorption regime (А > 0) and in the amplification regime (A < 0). The calculations are performed for realistic parameters of the structure under investigation (mentioned in the caption of figure 2 (a, b) ) at room temperature. The values of the complex-valued dynamic surface graphene conductivity are assumed to be equal for different graphene nanoribbon arrays, Figure 1 shows the calculated value of the real part of the graphene dynamic surface conductivity given by equation (1) Re( ) 0 w   , red color region on the contour map of the figure 1) , that corresponds to the energy gain (negative absorbance) in graphene. Figure 2 shows the calculated spectrum for first plasmon resonance as a function of the quasi-Fermi energy and frequency at room temperature. Figure 2(a, b) . (a) Absorbance spectrum for the considered graphene structure with period L=500 nm, strip width w=0.25 nm, barrier layer thick d=50 nm, dielectric constant of the substrate and barrier layer is 11.7. The electron scattering time in graphene is 1 ps for temperature 300K. Schematic view of the double-layer graphene nanoribbon array and the coordinate system is shown in the inset. (b) The same for single array of graphene nanoribbons.
Results and discussion
It is shown that such THz amplifier has much broader dynamic range as compared to that based on a single planar array of graphene nanoribbons (figure 2(b)) and larger amplifications at the same resonant frequency are achieved at lower quasi-Fermi energy.
